A novel morphing control surface design employing piezoelectric macro-fiber composite actuators is compared to a servo-actuated system. The comprehensive comparison including aerodynamics, size, weight, power, bandwidth, and reliability has been extended to include flight test comparisons. Three flight vehicles were designed, built, and evaluated: a servo-controlled generic micro-aerial vehicle aircraft and two conformal actuator controlled versions based on thick and thin wing designs. Flight agility and control response of the morphing-actuated and servo-actuated configurations were quantified through state measurement during identical automated maneuvers. The morphing actuation scheme demonstrated control bandwidth that was an order of magnitude greater than for the servo-actuated system, but showed a 12% decrease in roll rate when compared to the servo-actuated baseline aircraft. The flight vehicles allowed system-level comparisons of conventional and morphing control, where conformal actuation occupied less volume, consumed equivalent power as micro servos and provided effective control power for maneuvering.
Introduction
Unmanned aerial vehicles (UAVs) are a growing market in military and commercial sectors and have become critical to the United States' national security. Microair vehicles (MAVs) are an important subset of the UAV inventory that specifically addresses operations in airspace close to the ground and near items of interest or value. MAVs need reliable control actuation that enables superior maneuverability in cluttered environments. Most MAVs and UAVs use some kind of small servomotor as an actuator in the flight control system. These conventional systems work well and have leveraged the advances in model aircraft electronics over the past several decades. Servos are quite lightweight and have acceptable power consumption, but occupy significant volume and require a mounting hardpoint which may not be compatible with the wing structure. These electromechanical devices and the small linkages and hinges associated with them are also prone to water and impact damage. In addition, on small vehicles operating at low Reynolds numbers, flow separation over conventional flapped control surfaces is responsible for large portions of the overall vehicle drag.
A conformal smart material actuator has the potential to address several of the disadvantages of the servomechanical devices. Since the actuator has no moving parts that can wear or become contaminated, it will potentially outperform servos in wet and dirty environments as well as withstand impact damage. Bilgen (2007a) demonstrated macro-fiber composite (MFC) flight control on a 0.76 m wingspan aircraft that maintained control effectiveness despite the wing bending on impact in several flight departure/crash events. The actuator is integral with the skin, so the volume of the actuator is negligible. The power and control electronics can be placed somewhat independently of the actuators, which improves the ability to strategically locate the volume and weight. The continuous mold-line curvature of the actuator is ideal for low Reynolds number applications and eliminates the drag due to separation at the hinge line for articulated controls. Probst (2012) showed lower drag (about 30% at a cruise angle of attack) for an S1210 airfoil section undergoing morphing deflection when compared to a similar flapped airfoil with the same trailing edge deflection.
A solid-state morphing control surface is a promising solution to the challenging problem outlined above. By ''solid state,'' it is implied that there are no servos, linkages, or moving parts other than the conformal shape change of the aerodynamic surfaces. Instead, smart materials are used to implement the morphing capability; specifically MFCs are used (Sodano et al., 2003; Williams, 2004) and shown in Figure 1 . MFCs are primarily capacitive devices (typically 0.42 nF/cm 2 ), with an operating voltage range from 2500 to + 1500 V. While instantaneous current requirements can be significantly higher than the average value, currents for low-rate actuation are typically on the order of single milliamps. MFCs are environmentally sealed, flexible, and damage tolerant.
The bimorph concept, as shown on the left in Figure 2 , can convert the axial strain of the piezoelectric fibers into an overall bending motion of an aircraft skin. The implementation of this smart material bimorph in a morphing airfoil cross section is demonstrated as shown on the right in Figure 2 . The upper surface of the airfoil is controlled through MFC bending, while the bottom ''wiper'' surface passively slides along with the upper surface to complete the airfoil cross section. Note that the wiper has been designed to provide a constant preload pressure on the upper surface throughout the range of motion, and no gaps were observed during operation. The MFC bimorph allows for camber deflection in either direction.
This morphing technology was applied to the wing and tail of a generic MAV created by the Air Force Research Laboratory (AFRL) as a research platform, the generic micro-aerial vehicle (GenMAV) (Stewart et al., 2007 (Stewart et al., , 2008 . This generic platform was chosen because it enables a fair comparison of the new morphing actuation to a traditional servo-actuated version, while focusing on the technology and not the airframe design. Component design, analysis, and flight-testing have been used to fully assess the advantages and disadvantages of conformal morphing and servomotor actuation on this platform. The following sections of this article describe a review of existing work, air vehicle analysis and design, experimental setup, experimental results, and the conclusions about conformal actuation.
Literature review
The increased interest in small air vehicle research has resulted in several new research initiatives aimed at improving the performance of these vehicles in the low Reynolds number regime (Amprikidis and Cooper, 2003; Gad-el-Hak, 2001; Lind et al., 2004; Shkarayev et al., 2004) . One of the more significant demonstrations of the application of morphing technology to agile maneuvering is found in Stanford et al. (2007) , where servo-actuated rods were used to twist the wing of a 28$ span aircraft. In these demonstrations, roll rates of up to 800°/sec were achieved, but a noticeable degradation in the lift over drag (L/D) L/D was observed as asymmetric drag increased with wing deflection. In the case of small, low powered aircraft, maneuvering drag can be significant in the overall performance and should be considered when designing for a given roll rate.
Aside from conventional servo-actuated controls, recent adaptive air vehicle design has focused on control of wing twist by wing warping (Garcia et al., 2003) or variable planform geometry either through sweep or wing folding (Heryawan et al., 2006) . Bilgen et al. (2007a Bilgen et al. ( , 2007b have shown the effectiveness of conformal actuators in providing roll control for a 0.76 m wingspan aircraft through asymmetric camber control. Additionally, active flow control has been shown to increase lift and reduce drag by affecting the boundary layer, particularly important in low Reynolds number flows. Lee et al. (2003) have demonstrated boundary (Williams, 2004) .
layer control using synthetic jets, and Ghee and Leishman (1990) have shown similar results using periodic jet blowing. Pern et al. (2006) have demonstrated flow control by pulsing the upper surface of an airfoil with a lead zirconate titanate (PZT) actuator, resulting in a crossflow-induced vortex that reduces drag and increases lift. Gern et al. (2002) performed research to study the performance of traditional flaps versus airfoil morphing. Through simulation, they claim that a morphing trailing edge wing can produce up to 50% more rolling moment than a conventional flapped wing. They also claim that the absence of sharp edges and deflected surfaces reduces the radar signature of the vehicle. Researchers have also shown that variable camber flaps can reduce the required actuation energy as opposed to conventional flapped wings. Marques et al. (2009) experimentally achieve a 40% decrease in actuation energy required. Other notable research efforts in the area of morphing wings and morphing airfoils can be found in Abdullah et al. (2009 ), Martin et al. (2005 , Ameri et al. (2008) , Lampton et al. (2008) , and Abdulrahim et al. (2004) .
Specific research into using MFC actuators in MAV applications was pioneered by Bilgen et al. (2007a Bilgen et al. ( , 2007b Bilgen et al. ( , 2010a Bilgen et al. ( , 2010b . Ohanian et al. (2012) continued to investigate MFC morphing actuation with the intent to minimize the size, weight, and power (SWaP) impact. Probst (2012) investigated the two-dimensional (2D) aerodynamics of MFC morphing airfoils and the control response of such designs. This present work is a continuation of the research in MFC morphing actuation attempting to provide a multidisciplinary, quantitative comparison between morphing flight control actuation and industry-standard servomotor actuation.
Morphing structure design
The use of embedded piezoelectric fiber actuators in aircraft skins enables a shape changing capability without external actuators, linkages, and kinematics. The ''smart material'' coupling between the electric and mechanical domains requires only a voltage potential to attain the desired mechanical deflection. The simplicity of the concept is attractive, but care must be taken to ensure a structure that is flexible enough to morph effectively and strong enough to carry the necessary aerodynamic loads. The design of the morphing control surfaces, the control thereof, and the air vehicle platform for performance comparisons will be described in the following sections.
Thick morphing wing design
One of the fundamental tasks for this technology's development is the design and analysis of the morphing airfoil mechanism. From an aerodynamic perspective, there are two main components: the performance of the selected airfoil design while un-deflected, and the effects that are imparted by the morphing deflections. The amplitude of the morphing and the percentage of the structure that morphs both play a role in the final performance.
The wing airfoil selection process began with a survey of existing airfoils listed in the UIUC Airfoil Data Site (2009). Initial candidate airfoils were selected based on quoted low Reynolds usage, as the vehicle to be designed will likely operate in the range of 50,000-200,000. The Selig S1210 was ultimately selected as the baseline wing airfoil, on the basis of its high maximum lift coefficient, a relatively good maximum L/D, and a thin aft cross section that was favorable for MFC integration. This airfoil was used as a starting point for adaptation and incorporation of morphing actuation.
The morphing section of the wing planform, an outboard control which has the same span as the baseline aircraft aileron, has a modified structure to allow for maximum morphing deflection. A foam core with composite shell is used to construct a rigid D-box (outside skin combined with internal shear web). Materials such as fiberglass, carbon, or Kevlar could be used as the composite skin in this design. The D-box structure covers the leading 20% of the airfoil cross section. This serves as a rigid mounting surface for the morphing skin with MFC bimorphs, which represents the upper surface of the airfoil outline. A flexible composite ''wiper'' surface completes the lower airfoil surface. The wiper is only connected to the D-box and slides along the upper morphing skin as it deflects. The wiper is molded to produce an upward pre-stress, such that when the morphing skin deflects upward, the wiper will track it, keeping a closed airfoil cross section. The aft section of the airfoil is hollow to allow maximum morphing actuation. A cross-sectional view of this portion of the wing is shown in Figure 3 
Thin morphing wing design
While it is possible to construct a morphing wing based on a 12% thick airfoil, the application to a thin wing design has aeroelastic advantages suitable for conformal actuators and will be examined here with greater detail. The tail surfaces of the GenMAV airframe already incorporated a simple thin plate construction for the horizontal and vertical tails. This gave the opportunity to illustrate the versatility of the morphing technology to be adapted to many aerodynamic applications, by demonstrating morphing thin and thick airfoil designs.
The thin plate GenMAV horizontal tail surface was modified to incorporate two embedded MFC bimorphs to enable morphing deflections. The structure of the skin was modified to provide stiffness in critical areas, while adding flexibility for morphing. Specifically, span-wise stiffness was increased using unidirectional carbon fiber (CF) at the leading and trailing edge, while the main skin of the tail is a compliant layup of composite layers allowing for maximum morphing deflection. The stiffness of the structure also determines the maximum actuation frequency, since the natural frequency of the first bending mode is a practical limit for mechanical control of the structure. These considerations resulted in the tail design as shown in Figure 5 .
Building a thin morphing wing can be considered the most challenging but most beneficial application of conformal actuator technology. Conventional control surfaces require a thick wing to house the servo or long complicated linkages to transfer the motion. On the other hand, MFCs can be embedded in thin, flexible wings. Thin wings allow designers to consider aircraft configurations impossible with thick wings. For example, thin wings are capable of carrying lift loads through the stiffness gained from camber while possessing enough flexibility to be rolled up along the longitudinal axis. Although this demonstration was not made in the current work, there would be no technical barriers to designing a wing that can be compactly folded while retaining roll control once it is unfurled.
Another advantage of morphing technology is the ability to orient conformal actuators in a manner that induces camber change and wing twist simultaneously, increasing roll control power substantially. The thin morphing wing demonstrator built for this project was designed to take advantage of this behavior. This wing was a thin composite substrate with MFC bimorphs bonded to the surface. In order to design this wing, simulations were run for trade studies to assess the effects of different parameters. These parameters include actuator properties including number and size of actuators, actuator locations, and actuator orientation. They also include a number of composite substrate properties such as stiffness, thickness, and ply orientation.
Thin wing simulation and analysis. The analysis of morphing flight control is a multi-step process due to the flexibility of the wing structure underlying the conformal actuators. The methodology could be described as a ''loosely coupled'' static aeroelastic analysis which is outlined in Figure 6 . Initial geometry and properties were input into a finite element (FE) program which then solved for the deflections. The deflected shape was then the input to a 3-D flow simulator which solved for the aerodynamic forces including non-dimensional coefficients that would result from that wing shape. The aerodynamic forces were then included in the FE solution which gives a new deflection. This was then iterated until the new deflected shape matched the previous iteration. At that point, the aerodynamic coefficients were recorded.
In order to evaluate the different parameters, performance measures were defined to compare each simulation. A morphing main wing replaces the capabilities of conventional ailerons. Thus, the primary measure of the effectiveness was the particular wing's ability to actuate roll. The rolling moment coefficient, C l , was used to quantitatively compare each simulation and is defined by
However, employing MFC morphing in wings has an inherent trade-off. The wing substrate needs to be flexible so the MFC strain creates appreciable deflection; more wing flexibility means more deflection, and more deflection means more rolling moment. Additionally, the wing must be able to maintain the deflected shape when aerodynamic forces are applied. If the wing is too flexible, the control surface deflections become dependent on aerodynamic forces which are a function of variables like velocity and angle of attack. This aeroelasticity greatly increases the design trade space and can lead to lower flutter and divergence speeds. Thus, a good design needs to maximize rolling moment coefficient while minimizing the effect of aerodynamic loading. For this work, the difference between the wing tip deflection with and without aeroloads was used to measure wing flexibility.
A FE method was used in the analysis of the MFC/ composite configurations to find deflections. The model is based on Gustafson (2011) in his airfoil simulations and design. The pre/post-processor NX was used with the solver NX Nastran. The thin wing was modeled with linear shell elements and solved using Nastran's non-linear solution.
The basic wing geometry is 610 mm total wing span with a 127 mm chord. The wing had no dihedral or wing sweep. The undeflected profile was the GenMAV profile from Stewart et al. (2007) as shown in Figure 7 . Each half of the wing was modeled separately in the FE model and then combined for the flow simulations. For the FE model, the boundary condition for each half of the wing was modeled as fixed where it would attach to the fuselage.
The wing was designed to be a composite laminate with a thickness based on the ply schedule. NX with NX Nastran has the capability to model laminates by inputting the ply schedule and material properties. The design space was limited to woven CF and woven fiberglass (E-glass). The material properties for the CF and E-glass composites and the MFCs can be found in Gustafson (2011) . These values were calculated by Gustafson using micromechanics theories based on fiber and epoxy ratios. In different sections of the wing, the ply schedule included layers for the upper and lower MFCs.
One of the challenges with simulating the wing deformations is how to model the deflection of the MFCs. A technique employed by Gustafson and others is to assume that the piezoelectric expansion is analogous to thermal expansion. Instead of a coefficient correlating a change in temperature to strain, a coefficient can be found which correlates an applied voltage to strain. Gustafson calculated this piezoelectric expansion coefficient from piezoelectric constants from MFC datasheets. His values were used for the simulations presented here.
While the FE model solved for the wing deflections, a flow simulator then solved for aerodynamic forces and non-dimensional coefficients based on this new deformed geometry. Vortex lattice method was used for these flow simulations. Vortex lattice relies on a few assumptions such as an infinitely thin wing and inviscid flow (Katz and Plotkin, 2001) . As a result, parasitic drag is not computed, and only induced drag is determined. Drag was not examined in these analyses.
Athena Vortex Lattice (AVL) (2007), a common vortex lattice solver program, was used for this research. To solve a model, the deflection profile from the FE solver was broken up into profile section cuts which were inputted into AVL. AVL computed a pressure distribution on the deflected wing which was used as an input to the FE model to iteratively adjust the wing shape to a converged deflection. An accuracy of 1 mm of tip deflection was achieved using this technique with a baseline angle of attack of 0°and a velocity of 13 m/s: a speed that is in the central range of the air vehicle.
Thin wing parametric studies. Parameters examined to explore the control system design included spanwise location, number and size of actuators, thickness of composite substrate, and material stiffness of the composite substrate. The number and size of the actuators were limited to one 85 mm by 57 mm bimorph or two 85 mm by 28 mm bimorphs. In order to keep the design space reasonable, actuators were placed with the frontmost point on the quarter chord and were oriented with a 45°sweep angle representing the optimal orientation to affect wing twist. The composite substrate of the wing consisted of two layers of 0-90 CF except in those cases where the substrate was changed. All simulations were performed for maximum roll actuation. Table 1 summarizes the parameters considered in optimizing the final configuration.
Single bimorph spanwise location study. The first study looked at how rolling moment coefficient and aeroelasticity varied with the spanwise location of a single 8557 bimorph actuator. Figure 8 shows the span parameters of interest. While the figure only shows half the wing, the other half was geometrically symmetric.
Two-actuator comparison. In this study, the single large bimorph was replaced by two half-sized bimorphs (28 mm in width). Three different spanwise configurations were examined: 10% and 90%, 50% and 90%, and 33% and 67%. Figure 9 shows the layout for actuator placement which again was symmetric with the opposite wing.
Thickness comparison. In order to evaluate substrate thickness effects on deflection, this study focused on two actuators placed at 33%-67% half-span since the summary results below will show this represents an optimal configuration. Up to now, the simulations considered two layers of 0-90 CF (0.44 mm thick) only while this study considers three layers of 0-90 CF (0.66 mm thick).
Material stiffness comparison. This study takes the 33%-67% case from the above section and tests the effects of substituting fiberglass for the CF. Fiberglass has only 1/3 of the stiffness of CF. For this simulation, three layers of fiberglass were used to get equivalent thickness as with two layers of CF.
Leading edge stiffener modification. Again using the 33%-67% actuator case, the leading edge was stiffened using an extra layer of CF. The inboard 25% of the leading edge had three layers of 0-90 CF while the outboard 75% had two layers. Results of thin wing parametric studies. A summary of the parametric study is presented in Table 2 and more detailed results are expressed below.
Spanwise location study summary. Figure 10 shows the 10%, 50%, and 90% span configurations for the single actuator analysis along with deflection contours while Figure 11 shows a plot of the resulting analytically derived roll coefficients for all five cases. The results show that as the actuator moves from inboard to outboard, the roll coefficient increases and then decreases and reaches a maximum around y = 200 mm, or near the center of the wing. The maximum roll coefficient is 0.0814. The C l trend makes sense looking at the deflection patterns: an actuator at the tip creates large displacement at the tip but little deformation inboard while an actuator near the fixed inboard side creates a lower magnitude displacement over the whole wing. Table 2 shows that two half-sized actuators were more effective in generating roll than a single large actuator, although slightly less aero-induced ''rebound'' deflection was observed in the single actuator case. For two actuators, larger deflections were observed over greater area of the wing. Placing the actuators at 10% and 90% worked slightly better than the 50% 90% configuration, however, the slight difference is likely within the uncertainty of the modeling process. Placing both actuators at 33% and 67% produced a significant increase in roll coefficient (C l = 0.0814) similar to the results of using one large actuator at mid-wing. Figure 12 shows deflection gradients from the analyses.
Thickness comparison. Adding a layer of CF stiffens the substrate and decreases the wing displacement. The decrease was roughly proportional across the entire area and was reflected in a decreased roll coefficient that was 28% less than the two-layer CF case. The advantages to a stiffer wing (higher flutter and divergence speeds, higher load capacity) must be considered with the reduction in roll control as these modifications result in competing performance outcomes. Aeroinduced rebound is minimized with a stiffer wing, resulting in the lowest aero-induced correction of 1.68 mm.
Material stiffness comparison. As expected, fiberglass construction allowed more deflection proportionally over the whole surface and a 10% increase in roll coefficient, but it comes at a cost of a more compliant wing that will be susceptible to flutter and divergence. Note that the 10% increase is a small gain compared to the approximately 3X reduction in wing stiffness because aeroload corrections significantly negate deflection gains.
Leading edge (LE) stiffener modification. The LE stiffener decreased the roll coefficient by approximately 8% which was significantly less than the decrease caused by the additional CF layer on the entire wing. The stiffener reduces the overall deflection slightly but especially near leading edge which has minimal effect on the roll control power. The benefit of a stiff leading edge is higher flutter and divergence speeds with a minimal penalty in roll coefficient.
Thin wing fabrication
With analysis completed, the wing to be fabricated would consist of two layers of CF over the entire span and a third layer that extended to 25% span. A stiffened leading edge was used that consisted of three layers of CF over the entire span, and two actuators were placed at 33% and 67% span. A wet layup fabrication method was used with a wax mold that was shaped using a CNC mill. The fabricated wing is shown in Figure 13 . The wing root boundary conditions were different than designed due to practicalities in constructing the entire vehicle. The original simulation had a perfectly fixed boundary line between the two wing halves but in the actual wing, an adapter had to be built to attach the wing to the fuselage. The adapter, as shown in Figure 14 , restricted the motion of a sizeable area in the center of the wing, but also allowed some rotation at the trailing edge. The reduced width of the adapter at the trailing edge reduced warping stiffness of the wing which improved roll control deflection. With these changes, a simulation was performed based on the as-built wing. Once again, the FE model was solved with the iterative application of dynamic pressure loads to a converged case for 80% actuation commanded by the flight control system. Simulation results after convergence resulted in a roll coefficient of C l = 0:055, which was less than the C l = 0:0747 value computed for the original configuration. Figure 14 also shows the AVID LLC high voltage drive circuit board that was designed to power and control two MFC bimorph actuators simultaneously; it can be driven by analog or pulse-width modulation (PWM) PWM inputs. The design was optimized to minimize size and weight of the electronics to drive the MFCs because the entire morphing system must be considered when replacing servo actuators. Note that the MFC wiring is attached to the bottom of the wing directly behind the cambered leading edge so as to minimally impact the vehicle aerodynamics. Separated flow is expected on the bottom near the front of the wing due to the sharp leading edge and large camber angle, so placing the wires immediately downstream of this point should not impact lift or drag. As a prototype vehicle, no attempt was made to use a ribbon cable or even a smaller gauge wire for the 4 mA peak current draw, however in production that would be a consideration.
Experimental flight test
Flight tests of the aircraft were performed to complement the wind tunnel and bench tests previously presented. Outdoor flight tests were performed at Virginia Tech's Kentland Farm in Blacksburg, VA with the flight area as shown in Figure 15 .
A Federal Aviation Administration (FAA) Certificate of Authorization (COA) was secured for permission to fly the test vehicles at this site. A separate Air Force approval process was also completed through a safety review board and flight test plan review board.
The flight test vehicle configurations tested are shown in Figure 16 . The servo baseline aircraft was used as the basis for all comparisons. The morphing configuration had control surfaces the same span-wise size as the servo aircraft for a direct comparison. The third configuration incorporated a thin morphing wing that imparts a wing twist throughout the whole wing structure, showing some of the added capabilities of the morphing approach. The weights of each aircraft were measured and ballasted to match 1.18 lb, while the axial center of gravity (CG) was measured by balancing the aircraft on two pins under the wings, 1.75$ aft of the wing leading edge. The moments of inertia were measured using a trifilar pendulum. The servo airframe had a roll moment of inertia (MOI) of 13.25 lbm in 2 while the morphing airframe had a roll MOI of 15.96 lbm in 2 and the thin wing morphing airframe had 17.46 lbm in 2 . This result is compatible with the fact that a set of four MFC actuators are mounted to each wing and distribute the control system weight over the full span, whereas the servos are mounted inboard of the control surface resulting in a lower MOI.
Because the thin morphing wing uses a different approach to generate deflection, some photographs are included in Figure 17 to demonstrate the effects of its actuation, which resulted in a total wing tip deflection of 0.92$ corresponding to a tip angle of attack change of 10.4°. Instead of a pure camber change of a control surface, the entire wing twists or warps as the MFCs are actuated, so the angle of attack at the tip will approximately show a linear decrease from tip to root. The thick morphing wing shown in Figure 4 exhibits an 8.5°total angle of attack change which was matched for the servo-actuated case.
The required test instrumentation was split between onboard equipment and ground equipment. A laptop computer and Xbee 900 MHz radio served as the ground station. Another Xbee radio, located onboard the aircraft, transmitted telemetry data to the ground. A Futaba radio transmitter operating at 2.4 GHz was used for remote control (RC) pilot. Onboard instrumentation included an ArduPilot Mega which integrates the flight computer, inertial measurement unit (IMU), GPS, and airspeed sensor connected to a pitotstatic probe located on the wing. The time history data were relayed to the ground in addition to higher resolution recording onboard the vehicle at 50 Hz.
A hand-launched takeoff and a deep-stall landing were controlled via pilot RC for all tests. Roll and pitch doublets were commanded to assess the control authority of the servo-actuated and morphing-actuated aircraft. The autopilot onboard the aircraft was used to execute the automated roll and pitch doublet maneuvers. The autopilot also performed hysteresis inversion algorithms for the morphing actuation, as described in Ohanian et al. (2011) .
Several flight tests were performed to characterize and compare the MFC actuators to traditional servo actuators. The testing included a series of automated doublets at the amplitudes, durations, and airspeeds presented in Table 3 . The aircraft was trimmed for steady and level flight at the desired speed, and then the doublets were executed from the ground station.
The automated doublet uses duration (in seconds) and amplitude (in percent) as inputs to command a one-cycle square wave output to the flight controls. Each pulse of the doublet was one half of the total duration. The nominal test condition was a velocity of 18 m/s and doublet duration of 0.2 s. The servoactuated surface could be set to attain any desired deflection through adjustment of the servo linkage, while the MFC morphing control surface deflection attained was inherent to the piezoelectric material properties and mechanical implementation. As previously noted, the thick wing MFC control and the servo-actuated control provided a delta angle-of-attack change of 8.5°while the thin wing morphing system provided a 10.4°delta change at the tip. All tests were performed in similar atmospheric conditions, with steady winds of less than 5 knot and a density altitude that remained between 2500# and 3500#.
Flight test results
Flight test data were collected at 20 Hz for the three matched aircraft configurations presented above. In general, the aircraft handling characteristics were typical for a small ''tightly coupled'' aircraft, with the pilot commenting that it was more challenging to fly than other aircraft of similar size. There were no adverse flight characteristics noted such as tip stall and excessive drag, and this reassured the team that separated flow was not present on the wing throughout the maneuvering range. Flight Reynolds numbers ranged from 124,000 to 182,000 and there may have been some flow control benefit of the top-mounted MFC which would induce turbulence due to a small step at the MFC bond line, although a flow visualization study was not conducted. Flight speeds ranged from 15 to 22 m/s and the flight durations were typically 5 min or less. The aircraft were hand launched and belly landed. Each flight was performed to meet a specific test objective focused on an evaluation of the control methodology.
Repeatability. After both aircraft were flown manually and trimmed by the pilot, the first data collected were to evaluate the repeatability of the automated doublet maneuvers. Ten flights with identical doublet amplitude (100%) and duration (total 0.2 s) were executed autonomously for both the servo and thick airfoil MFCactuated aircraft. Figure 18 shows that the doublet responses are consistent in duration while the amplitudes varied as the pilot attempted to hold constant airspeed during the maneuvers. Although the doublets were commanded autonomously, the aircraft was still under manual flight mode and this resulted in airspeed variations of up to 3 m/s which caused the measured roll rates to vary significantly (discussed below). These initial tests were performed at 100% amplitude while subsequent roll tests were executed at 80% to account for trim setting differences taking up some of the control deflection range that might cause the doublet to be asymmetric. For the same reason, pitch doublets were performed at 65% in all subsequent tests.
The servo-driven aileron and the morphing thick wing configurations were trimmed so that the trailing edge deflections would be the same statically, but the roll amplitudes shown in Figure 18 indicate that aerodynamic loading on the morphing wing results in wing deformations and reduced roll rates. While similar results were witnessed for the thin morphing wing, no comparison to the other configurations was made since both camber and twist are generated in actuation-a very different mode of operation.
It is important to point out that the actuation commands to both the servo and MFC were generated identically with no delays; however, the electronics supporting both the servo and MFC as well as the actuators themselves had inherent response lags which will be discussed below. Figure 18 . Repeatability tests: servo actuated on left and morphing thick wing on right. Note that the variations in peak response are due to airspeed variations. The morphing wing response showed overall lower amplitudes caused by aerodynamic loading.
Roll doublet response. Roll doublets were evaluated for three flight velocities (15, 18, and 22 m/s) and three durations (0.1, 0.2, and 0.4 s). Figure 19 shows a comparison in the resulting vehicle roll responses for the servo, morphing, and thin wing morphing cases for the nominal test case of 18 m/s velocity and 0.2 s doublet duration. The plots shown were selected because they represent runs of nearly identical airspeed. The servoactuated ailerons produced the largest roll response, the thin morphing wing had a response that was close to the servo response, and the thick wing morphing control had the lowest amplitude response. The entire thin morphing wing twists and changes camber as opposed to a partial wing camber change for the thick morphing wing case. This enhances the control authority for the thin wing case. The thin wing design also used larger MFC actuators, equating to double the actuator area and weight. The roll coefficient is a non-dimensional metric that can be used to define how much roll moment can be created through control actuation. The roll coefficient is defined as
where M x is the roll moment, q is dynamic pressure, S is the wing reference area (for a rectangular planform), b is the wing span, r is air density, V is the flight velocity, and c is the wing chord. The roll moment is estimated from the rotational equation of motion for the roll axis
where I xx is the roll MOI of the vehicle about its longitudinal axis, and _ p is the roll acceleration. The roll acceleration was estimated for each configuration based on the slope of the roll rate at the center of the doublet maneuver and the moment of inertia of each configuration. Table 4 shows averaged maximum roll moment coefficients computed for 18 m/s flight speed and 0.2, 0.4 s doublet durations. Table 4 shows that the morphing flight control actuation achieved between 75% and 83% of the servoactuated roll moment coefficient. Trends shown in Figure 20 provide additional detail to the behavior observed in morphing vs. servo-controlled systems.
The plot shows that at low velocities (15 m/s), the morphing actuation was comparable or even more effective than the servo. However, as velocity increases, the roll coefficient is nearly level for the servo (as expected from the nondimensionalization), but there is a steady decrease in roll coefficient for the morphing as velocity and dynamic pressure increase. While the deflection of the control surfaces was matched in bench tests without loading, these results imply that the aerodynamic loading on these flexible structures during flight decreases the amount of deflection attained. This will be shown further in the velocity trends section.
The maximum roll rate attained by the thick wing morphing control surfaces was a 6250°/s swing (0 to + 250 to 2250 to 0°/s) within a 0.4 s span. The thin morphing wing achieved 6273°/s in a 0.4 s span. While these were not as high as the servo response, they are still significant values, demonstrating the capability of the morphing actuation to enable a responsive vehicle.
Pitch doublet response. Similar to the roll doublet runs, pitch doublets were evaluated for a range of velocities and doublet amplitudes and durations. The results for the nominal speed and duration are shown in Figure 21 . The response plot indicates a lower maximum pitch rate for the MFC-actuated elevator; however, the bandwidth advantage is evident in the steeper slope of the response curve. The maximum pitch rate attained by the morphing actuation was 6140°/s (0.4 s duration).
Trends in roll and pitch velocity. While Figure 20 shows the roll coefficient trends for given flight velocities, another interesting analysis is found in the roll and pitch velocities generated by the vehicle during doublet maneuvers. This trend accounts for additional aeroelastic effects as rolling and pitching velocities cause airloads that influence control effectiveness, summarized in Figure 22 . For a given doublet duration, the peak-to-peak roll rates would theoretically increase quadratically with velocity (proportional to dynamic pressure), but for this small velocity range the trends are seen to be closer to linear. The MFC-actuated surface effectively sees a reduction in roll and pitching moment coefficient as the dynamic pressure increases, also exhibited in Figure 20 . Note that the servo actuator is a closed-loop system capable of holding deflection under aeroloads while the morphing actuation is currently an open-loop system (no feedback control to reject disturbances). This finding suggests that the design requirements for flight speed and expected dynamic pressure are critical in the design phase to achieve desired performance.
Response time. In bench tests, the bandwidth of the MFC morphing control surface was an order of magnitude higher than the servo-actuated control surface, as shown in Figure 23 . The bandwidth of the morphing flight control actuation as tested was limited by the natural frequency of the structure, but could be further increased if the natural frequency was tailored for high frequency actuation (Ohanian et al., 2011) .
The roll and pitch flight test data also verified that the MFC-actuated aircraft shows a faster response than the servo system. A reliable method for comparing the response speed was developed for performing comparisons. The doublet input is essentially two opposing step inputs to the system. The vehicle response is typically more sinusoidal but does not always return to zero after the doublet maneuver. Therefore, the first zerocrossing in the vehicle response was used as a reliable feature in the recorded data for measuring response times. Figure 24 shows how the response time is defined for the following plots: it is the time from the beginning of the doublet input command to the time the vehicle response crosses zero for the second half of the doublet (this is a nonstandard definition for response time). This response time includes delays due to electronics processing, and processing of the hysteresis inversion control for the morphing actuators. The phase lag is also measured in a similar manner: the time between the doublet zero-crossing to the response zerocrossing is divided by the duration of the doublet maneuver and multiplied by 360°to arrive at an effective ''phase lag.'' It should also be noted that this is a nonstandard definition of phase angle (due to lack of sinusoidal input and pure sinusoidal output), but was the closest approximation possible within the constraints of the recorded data.
The doublet response time test results are presented in Figure 25 . Phase lag values greater than 360°are because the calculations are based on data that include the system time delay for processing, sending signals to the servo, the servos deflecting, and finally the vehicle response. For both the aileron and elevator doublets, the response time and phase lag are consistently faster for the MFC-actuated aircraft. Note that the servos used were typical hobby-grade commercial off-the-shelf (COTS) COTS items. It can be seen from the phase plots that the doublet frequency to phase angle is a mostly linear relationship, with a higher slope on the servo-actuated aircraft. This implies that the servo performance degrades more rapidly as the command signal frequency increases, while the morphing system can still track the signal with less phase lag. The thin morphing/ twisting wing is also faster than the servo-actuated case, but not as fast as the morphing aileron control surfaces. It should be noted that the natural frequency of the thin morphing wing was in the range of 8-10 Hz and was not tested at the 10 Hz doublet input to avoid exciting a structural resonance. The increased deflection and reduced speed of the thin morphing wing, as compared to the morphing aileron control surfaces, could also be related to the fact that the MFC actuators on the thin morphing wing were twice as large. This results in higher weight (lower natural frequency), higher electrical capacitance (longer for the high voltage electronics to charge the capacitance, slower actuation), but also higher control force and deflections.
Pilot assessment. While the roll and pitch rate response amplitude of the morphing-actuated aircraft was not as high as the servo-actuated aircraft, the RC pilot performing the tests said that both morphing-actuated vehicles were ''very responsive.'' He felt that both the servo and morphing actuation approaches provided an aircraft with adequate control authority. It was also noted during tests that the servo actuators create a whining and chattering noise, while the morphing structure is extremely quiet.
During one flight test, the hysteresis compensation algorithms were intentionally turned off. During this portion of the flight, the pilot noted that the vehicle was much harder to fly and ''less responsive.'' The pilot had to provide continuous maintenance to the control inputs to maintain stable flight. These observations are consistent with the deflection lag (instead of a more common time lag) that hysteresis would cause. To attain the desired control deflection, the pilot would need to overcompensate the input. If this is not anticipated, then the aircraft will not reach the desired response. The inverse hysteresis operator (IHOp) algorithms perform this anticipation, providing the pilot (or autopilot) with the linear response he or she expects. This test demonstrated the value of that control algorithm.
Flight test conclusion. The first observation is that the two morphing designs produced aircraft that were responsive and adequately controlled in flight tests. This successful development was the product of a comprehensive design of the morphing system and demonstrated a flight-weight implementation in a relevant environment.
The roll/pitch rate amplitude of the servo-actuated roll doublets was higher than that of the MFC-actuated aircraft, particularly at higher velocities. The deflection capability of the morphing technology is inherent to the material properties, while the servo flap can be set to any deflection by adjusting the linkage. This difference in response amplitude is also due to the dynamic pressure on the control surfaces inhibiting the morphing deflection as an open-loop system. Also, the moment of inertia for the MFC aircraft was higher. Wind tunnel tests and analysis showed that for the same deflection, the MFC actuators should have higher overall lift and superior lift-to-drag. The end result is that the effects of dynamic pressure must be included in the design phase to ensure that performance requirements are met, but in the end a controllable and responsive vehicle is attainable.
The response of the MFC-actuated aircraft was faster than the traditional servo aircraft in every case tested. This may be a significant advantage for some applications. Flying in cluttered urban environments, small aircraft with fast dynamics, and rotorcraft applications are all area that could benefit from this advantage. Additionally, very stable flight is possible when the high bandwidth control response is considered in the presence of aircraft-scale turbulence which has the potential of removing or reducing gimbaled stabilization for payloads, instead placing the burden of stabilization on the aircraft. It is important to emphasize that normal flight control adjustments in stable flight are much lower than full deflection, so the bandwidth advantage of the MFC dominates the higher rolling and pitching moments demonstrated by the servoactuated systems.
The MFC actuators require virtually no volume for integration, but the drive electronics must be considered from a SWaP standpoint. The volume of the MFC drive electronics can be independently located from the actuators, allowing more freedom in layout of the vehicle and CG placement. While the morphing implementation weighs slightly more than the servo-linkage implementation, the weight is comparable and not necessarily prohibitive. The average power consumption for morphing actuation is comparable to servo actuation and is lower for high frequency actuation. The peak power draw of the servos exceeded that of the morphing actuation for almost all cases.
Conclusion
This research program successfully showed an application of MFC actuation to achieve morphing flight control for small, unmanned aircraft. One of the main objectives of this research effort was to perform a comprehensive comparison between MFC piezoelectric morphing and traditional servo-actuated control surfaces through a flight test program. Table 5 summarizes the overall findings of this research effort. In the area of aerodynamic efficiency, the morphing technology is clearly superior based on 2D wind tunnel tests and flight tests. Servos are capable of larger control deflections because the linkage can be adjusted to attain any angle. However, it should be noted that the morphing technology was sufficient to provide a very responsive and controllable vehicle. The morphing technology has a clear advantage in control bandwidth and response speed, while servos have an advantage in control force and disturbance rejection at higher velocities. While not suitable in every case as a plug-and-play replacement for servos, conformal actuators have been shown to provide control benefits that make them a preferred choice for many small unmanned aircraft applications. 
